A method for preparation of single strand DNA circles of almost arbitrary sequence is described. By ligating two sticky ended hairpins together a linear duplex is formed, closed at both ends by single stranded loops. The melting characteristics of such loops are investigated using optical absorbance and NMR. It is shown by comparison with the corresponding linear sequence (closed circle minus the end loops) that the effects of end fraying and the strand concentration dependence of the melting temperature are eliminated in the circular form. Over the concentration range examined (0.5 to 2.0 micromolar strands), the circular DNA has a monophasic melting curve, while the linear duplex is biphasic, probably due to hairpin formation. Since effects of duplex to single strands dissociation do not contribute to melting of the circular molecules (dumbells), these DNAs present a realistic experimental model for examining local thermal stability in DNA.
IHTRODUCTIOH
Thermal denaturation studies of short DNA restriction fragments (less than 500 base pairs in length) have clearly demonstrated that the helix-coil transition of these molecules is dominated by the dissociation of the duplex 1-4 to single strands . For short fragments having a heterogeneous sequence, melting from the ends of the duplex is seen preceding complete dissociation. This preferential "end fraying" complicates physical studies aimed at evaluating thermodynaalc parameters which govern base pair stability. For most oligonucleotides "end fraying" and the ensuing strand dissociation makes the mode of melting, and the melting temperature, strongly dependent on DNA strand concentration. Consequently, results from NMR measurements cannot be reliably compared with those from optical melting curves because the optimum DNA concentrations are very different in the two experiments. One way to eliminate the dependence of short DNA melting on the DNA concentration is by linking the duplex strands so they can never completely separate.
We have developed a general procedure for synthesizing covalently closed single strand loops of DNA, of almost arbitrary sequence, using ligation of IRL Pran Limited, Oxford, England.
sticky end dimers. These are chosen to form stable duplexes In a central segment, with the loops on either end, as shown In Figure 1 . Covalent closure of the DNA in this way almost completely removes "end fraying" and makes the melting independent of DNA concentration. These DNA circles provide a new approach for evaluating contributions of the internal molecular degrees of freedom to DNA melting. Similar circles of the alternating copolymer d(AT) n have been made and studied, though they were generated by closure of a single DNA strand, rather than the combination of two separate strands, and cannot be generalized for arbitrary sequences.
HATEBTAT.S AHD METHODS DNA oligomers were synthesized using solid-phase phosphite triester Q chemistry on an Applied Biosystens automated DNA synthesizer. After cleavage of the DNA from the solid support it was purified using a sequence of TLC, hydroxylapetite and Sephadex chromatography. The DNA was then lyophilized and redissolved in appropriate buffers for experiments as described below.
Phosphorylation of the 5 1 deoxyrlbose was carried out using T4 polynucleotide kinase. 750 micrograms of the 20 base pair DNA were reacted in 70mM Tris.HCl (pH-7.6), lOmM MgCl 2 , lOOmM KC1, 5mM DTT, 1.6 mM ATP using 400 units of kinase (Bethesda Research Laboratories) in a volume of 5 ml for 22 hours at 37°C.
Subsequent ligation was carried out in 50mM Tris.HCl (pH-7.8), lOaM MgCl 2 , 20mH DTT, 1.6mM ATP, 150 micrograns/ml BSA using 8000 units of T4 DNA ligase (New England Blolabs) in a total volume of 10 ml for 48 hours at 22°C. The product was purified by extraction twice with phenol, then twice with ether.
The solution was then dialysed against a large volume of buffer, and desalted over a Sephadex C-15 column. Analysis of the llgated DNA was performed using electrophori8is on a 20Z polyacrylamide, O.75Z bisacrylamlde, 8M urea gel.
Samples were ethanol precipitated, redissolved in 90Z formamlde, IX TBE (trisborate EDTA gel buffer) and heated to 100°C for 4 minutes, then chilled on ice and quickly loaded onto the gel. The gels were stained with Ethldiura bromide to visualize the DNA. Ligated DNA showed narked retardation conpared to unreacted material (see Figure 4) . Ligation was quantitative, to the extent that no band was observed on the gel for unreacted molecules.
NMR studies of lnlno protons were carried out on a Bruker WM-500 NMR spectroaeter. Spectra were collected in 90Z H2 0 /ioz D2° solutions, at DNA 
